ABSTRACT: This work deals with the determination of the inactivation kinetics of several enzymes, most of them used as time-temperature integrators in the food industry. The tested enzymes were polyphenoloxidase, lipoxygenase, pectinase, alkaline phosphatase, and ␤ ␤ ␤ ␤ ␤-galactosidase, and the inactivation assays were performed under conventional and ohmic heating conditions. The thermal history of the samples (conventional and ohmically processed) was made equal to determine if there was an additional inactivation caused by the presence of an electric field, thus eliminating temperature as a variable. All the enzymes followed 1st-order inactivation kinetics for both conventional and ohmic heating treatments. The presence of an electric field does not cause an enhanced inactivation to alkaline phosphatase, pectinase, and ␤ ␤ ␤ ␤ ␤-galactosidase. However, lipoxygenase and polyphenoloxidase kinetics were significantly affected by the electric field, reducing the time needed for inactivation. The results of the present work can be used industrially to determine processing effectiveness when ohmic heating technology is applied.
Introduction
T he increased interest of consumers both for healthy and highquality foods has prompted producers to develop new products and new processing technologies. Ohmic heating (also called Joule heating) is defined as a process where electric currents are passed through foods with the main purpose of heating them. Ohmic heating is distinguished from other electrical heating methods by the presence of electrodes contacting the foods, the frequency, and the waveform of the electric field imposed between the electrodes.
The industrial application of the ohmic heating technology is fully dependent on its validation with experimental data to evaluate the effects of the electric field on microorganisms, enzymes, and biological tissues.
Several enzymes are used in the food industry for improving food quality (for example, texture and flavor), for the recovery of by-products and for achieving higher rates of extraction (Somogyi 1996; Van Loey and others 2002) . On the other hand, enzymes may also have negative effects on food quality such as production of offodors and tastes and altering textural properties. Therefore, control of enzymatic activity is required in many food processing steps to promote/inhibit enzymatic activity during processing. Studies on the degradation kinetics of various enzymes were conducted by several authors to determine the effects of pulse electric fields on enzymes' inactivation (Barbosa-Canovas and others 1998; Castro and others 2001; Ho and others 1997; Grahl and Markl 1996) . Also, the effects of high hydrostatic pressure processing on enzyme inactivation kinetics were assessed, for example, by Ludikhuyze (1998) and Denys and others (2000) .
There is only limited information available concerning the effects of ohmic heating on enzyme activity. This works aims at determining the sensitivity of several food-related enzymes toward ohmic heating. The studied enzymes were lipoxigenase (LOX), pectinase (PEC), polyphenoloxidase (PPO), alkaline phosphatase (ALP), and ␤-galactosidase (␤-GAL). Garotte and others (2003) evaluated the sensory character of blanched vegetable purées to which isolated enzymes had been added and found that LOX was the enzyme most active in aroma deterioration in English green peas and green beans. LOX is widely distributed in vegetables, and evidence is mounting to support its involvement in off-flavor development and color loss (Garotte and others 2003) . To optimize the blanching process of vegetables, it is essential to establish the kinetic model of the inactivation of this indicator enzyme. LOX is also important in the baking industry because it interacts with the gluten side chain, making the gluten more hydrophobic and, subsequently, stronger. With stronger gluten, the dough will have better gas retention properties and increased tolerance to mixing.
PEC hydrolyzes the linkages that hold the small building blocks of galacturonic acid together in the pectic substances, producing smaller molecules. Its main functions in foods are to clarify juices and wines, to reduce viscosity by hydrolyzing the pectin, to accelerate the rate of filtration, to prevent pectin gel formation, and to improve color extraction from grape skin (Somogyi 1996) .
The official name of the enzyme responsible for enzymatic browning is ortho-diphenol oxygen oxidoreductase, also known as catecholase, tyrosinase, phenolase, and polyphenol oxidase (Kim MS 20040306 Submitted 5/11/04, Revised 6/24/04, Accepted 7/26/04. Authors are with Centro de Engenharia Biológica, Univ. do Minho, Campus de Gualtar, 4710-057 Braga, Portugal. Direct inquiry to author Vicente (E-mail: avicente@deb.uminho.pt) .
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Enzyme inactivation by ohmic heating . . . 1995; Somogyi 1996) . There are different phenols present in fruits and vegetables at the same time used as substrates for PPO. Browning occurs only when the tissues are disrupted or destroyed and the compounds come into contact with air and with each other. The browning of fruits and vegetables is undesirable, and so these are handled carefully to avoid tissue injury. In some cases, however (for example, cocoa and tea), browning is important to flavor and color development and so the tissues of these plants are deliberately damaged.
Alkaline phosphatase (ALP) is involved in several physiological processes apparently connected to membrane transport phenomenon and is used in biomedical research. In the food industry, ALP is an enzyme used as an indicator of the effectiveness of the milk thermal processing.
People that are lactose-intolerant cannot eat several milk and milk-derived products. When the intestine produces little or no lactase, lactose (the milk sugar) is not digested and moves into the colon, where bacteria ferment it, producing hydrogen, carbon dioxide, and organic acids. The results of this fermentation are diarrhea, flatulence (gas), and abdominal discomfort. The treatment of lactose containing foodstuffs with the enzyme ␤-galactosidase (␤-GAL) allows obtaining dairy products that can be consumed by lactose-intolerant individuals.
Materials and Methods

Heating phase
Conventional thermal degradation. For each enzyme tested, samples of 0.2 mL in 2 mL Eppendorf tubes (9 mm of internal dia and 40 mm of height) were placed in a temperature-controlled water bath at the desired temperature, depending on the temperature assay. Samples were taken and placed immediately into ice to stop the thermal degradation effect. The dimensions of the Eppendorf tubes minimize temperature gradients due to heat transfer resistance.
The thermal history of the samples, until temperature stabilization, was monitored by the introduction of a thermocouple connected to the data acquisition system previously described (Castro and others 2004) .
Ohmic thermal degradation. The ohmic heater used consisted of a cylindrical glass tube of 30 cm total length and 2.3 cm inside dia. Three thermocouple openings were provided: 2 at equal distance of the center of the tube and 1 at the center, where the thermocouple was placed. Two Titanium electrodes with Teflon pressure caps were placed at each top of the tube.
For each enzyme, samples of approximately 25 mL were heated using an alternating current source of 50 Hz frequency and variable amplitude. Temperature was continuously monitored using type-K thermocouples, set at the geometrical center of the chamber.
The power source was turned on and the electric field was varied through the use of a thermostat to simulate the conventional thermal history of the samples. An example of comparison of the thermal history of the samples is presented in Figure 1 . It is very important to have coincidence in the heating phase of both processes because the objective is to evaluate the nonthermal effects of the ohmic processing, thus the thermal effects should be made equal. Samples were taken and placed immediately into ice to stop the thermal degradation effect.
It should be stressed that the electric field strength used during the holding phase of the experiments is very low (in every case lower than 20 V cm -1 ) when compared with the ones used in the heating phase of the samples (50 < E < 90 V cm -1 ).
Each experiment was conducted in duplicate. For the enzymes tested, the temperature range used matched their different inactivation temperatures.
Modeling
Thermal process characteristics for enzymatic reactions are described in accordance with kinetic parameters such as decimal reduction times (D), inactivation rate constant (k), z values (z), and activation energies (E a ). The D value is defined as the time required to inactivate 90% of the original enzyme activity at a given temperature (Eq. 1). An inactivation reaction, which follows 1st-order kinetics, has a D value equivalent to 2.303/k. The temperature dependence of the D value is given by the z value, which represents the temperature increase required to obtain a 10-fold (1-log cycle) decrease in D value (Eq. 2). For a 1st-order decay process, the D value is equivalent to ln (10)/k. Similar to the z value is the activation energy (E a ), which expresses the temperature dependence of the k value as indicated in the Arrhenius relationship (Eq.3).
(1) (2) (3) where C A = activity (U), C A0 = initial activity (U), D = decimal reduction time (min), Z = temperature sensitivity indicator (°C), E a = activation energy (kJ·mol -1 ), k = frequency constant (s -1 ), and k 0 = pre-exponential factor (s -1 ). The kinetic parameters (D, z, E a , and K) were calculated for all the experiments conducted.
Enzyme activity measurements LOX. LOX type IB from soybeans was purchased as a lyophilized powder, (Sigma L7395, Germany) and was dissolved, without further purification, in Tris HCl buffer (0.01 M; pH 9). One unit of enzyme causes an increase in the absorption at 234 nm of 0.001/min at pH 9 and 25°C when linoleic acid is used as substrate. Such unit is equivalent to the oxidation of 0.12 µmol of linoleic acid (Kruger and others 1991) . The absorption at 234 nm was recorded during 3 PEC. PEC (Novo Enzymes) activity was determined spectrophotometrically at 276 nm and 40°C, using polygalacturonic acid (citrate buffer pH 4.5) as substrate. One unit is equivalent to the oxidation of 0.1 µmol of polygalacturonic acid. The activity was determined from the slope of the curve during 20 min (Honda and others 1982) .
PPO. PPO was extracted from apples (cv Golden delicious). Apples were blended with a solution of phosphate buffer (pH 7) containing 1% (w/v) polyvinylpirrolidine. The mixture was filtered and the liquid extract was recovered. The extract was then centrifuged for 10 min at 10000 rpm at 4°C. The activity was determined spectrophotometrically at 395 nm (30°C) using catechol (in phosphate buffer, pH 6) as the substrate (Robinson 1991) .
ALP. The determination of ALP activity was performed directly in milk. The activity was expressed in terms of nmol of p-nitrophenilphosphate (pNPP)/mL per minute. The activity was measured as the release of p-nitrophenil (pNP) from pNPP. Samples were incubated with 47 mg pNPP/25 mL Tris buffer, pH 10.4 at 37°C. The reaction was stopped with 0.02 M NaOH, and the activity was measured spectrophotometrically at 410 nm (Williams and Nottingham 1990) . ␤ ␤ ␤ ␤ ␤-GAL. ␤-GAL was obtained by fermentation of lactose by a genetically modified strain of Saccharomyces cerevisiae, containing a plasmid carrying the ␤-GAL gene of Aspergillus niger (Domingues and others 2000) . It is an extracellular enzyme, and therefore it was used without further purification. One unit of activity was defined as the amount of enzyme that hydrolyses 1 nmol p-nitrophenil ␤-D-galactopyranoside (pNPG)/min at 65°C. The activity was measured as the amount of p-nitrophenol released from pNPG per minute. Samples were incubated with 1.7 mM substrate in 0.075 M Na-acetate buffer, pH 4.5. The pH was raised to 10 with 1 M of Na 2 CO 3 and the activity was measured spectrophotometrically at 405 nm (Bailey and Linko 1990) . Table 1 summarizes the origin and the methods for activity determination of the enzymes studied.
Statistical analysis
To evaluate whether the differences found in the kinetic parameters determined under conventional and ohmic heating treatments were significant or not, two-way analysis of variance was performed at a significance level of 5%. The results of this analysis were expressed in terms of the probability of the samples being equal (if lower than 5%, they were considered different).
Results and Discussion
E nzyme denaturation is caused by rearrangement and/or destruction of noncovalent bonds such as hydrogen bonds, hydrophobic interactions, and ionic bonds of the tertiary protein structure. The presence of an electric field can influence biochemical reactions by changing molecular spacing and increasing interchain reactions. In this study, the temperature as a variable was eliminated by simulating the conventional heating profile during the ohmic heating phase (see Figure 1) ; as so, the possible differences in the results obtained must be related to the effect of an electric field.
The thermal inactivation profiles (of both conventional and ohmic heating) followed 1st-order kinetics for all tested enzymes. This can be concluded from the results presented in Table 2 to 6 and also from Figure 2 to 6. It should be noted that the linear regression coefficients were in all cases very close to 1.
Lipoxygenases (LOX) are nonheme but iron-containing dioxygenases that catalyze the dioxygenation of polyunsaturated fatty acids containing a cis,cis-1,4-pentadiene-conjugated double bond system such as linoleate and linolenate to yield hydroperoxides. Table 2 presents the kinetic parameters obtained for the thermal degradation of LOX. The obtained results show that the electric field has an additional effect on the LOX inactivation with approximately 5 times lower D values (Figure 2) . The results of analysis of variance show that the differences found were significant at a 95% significance level in terms of D values (P < 0.05, in all cases; results not shown) as well as in for z values (P = 0.047, see Table 7 ). This means that for the same inactivation degree, the time required for Figure 3-Degradation kinetics of PEC when submitted to conventional or ohmic heating thermal treatment (for example, blanching of vegetables) is much lower (Figure 2 ) when an ohmic heating process is applied, thus reducing negative thermal effects in the other food components. The hypothesis of the additional effect of the electric field being due to the separation of the subunits or breakage of the enzyme molecule was raised. This hypothesis was checked by polyacrylamide gel electrophoresis (PAGE) (data not shown). When the PAGE system is run with proteins under their native form (native PAGE), these proteins move through the gel when an electric field is applied and each band on the gel represents a different protein (or a protein sub-unit). If there was a sub-unit separation due to heating, different bands would appear in the gel, corresponding to different subunits. Nevertheless, both the nontreated enzyme and the heat-treated enzyme (in this latter case, enzymes used were both conventionally and ohmically treated) presented the same number and position of bands in the gel, leading to the conclusion that before and after the thermal treatments (conventional or ohmic) the enzyme had the same molecular weight and no sub-unit separation occurred.
The same PAGE can be performed when proteins are previously treated with sodium dodecyl sulphate (SDS-PAGE). SDS is an anionic detergent, which denatures proteins and induces a negative charge cloud on the surface of the denatured molecules, so that they acquire equal charge densities per unit length. This makes them migrate through the gel according to their molecular weight and was used to determine the protein's size. Also, in this electrophoresis, both proteins (conventionally or ohmic heated) had the same profile on the gel. Despite these efforts, the effect of ohmic heating in the structure of proteins needs further assessment.
The kinetic parameters for PEC inactivation are presented in Table 3 , where, together with Figure 3 , it is clear that the electric field does not have any influence in the inactivation kinetic parameters. The results of the analysis of variance test show that, for both conventional and ohmic processing, D and z values can be considered identical (P > 0.05). PEC has no prosthetic group (Table 7 ) and the hypothesis that relates the loss of activity to the loss of the metallic prosthetic group caused by the electric field is in agreement with the data obtained for this enzyme. However, once again, this needs further clarification. The color extraction from grapes is improved by the use of pectinases and also by the increase of temperature (Somogyi 1996) . Ohmic heating has been reported to enhance beet dye extraction (de Alwis and Fryer 1990) and to improve apple juice yield (Lima and Sastry 1999) . The use of ohmic heating to increase the temperature, during the color extraction phase of a vinification process, may be an interesting industrial application of this technology, and these results show clearly that it can be applied together with pectinases once their activity is not affected by the electric field.
The effects of the electric field on the thermal inactivation kinetics of PPO (Table 4, Figure 2 ) are similar to the ones described for LOX. Enhanced enzyme inactivation is obtained when an electric field is present, thus reducing inactivation time. Statistical significant differences were found between z values (P = 0.02, see Table  7 ). Plant PPOs are nuclear-encoded copper metalloproteins having a molecular mass of approximately 59 kDa. These results are encouraging to use ohmic heating in blanching of fruits, for example, once to obtain the same level of PPO inactivation, a less aggressive thermal treatment is needed. Consequently, the thermal destruction of nutrients (for example, vitamins and pigments) and fruit
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texture (a quality parameter) will be obviously lower, thus increasing the final quality of the products, as reported elsewhere.
For ALP, both conventional and ohmic inactivation mechanisms are similar (Table 5 , Figure 5 ), and the results of the z values obtained do not show a clear additional effect of the electric field on the enzyme inactivation (P > 0.05, see Table 7 ). However, for lower temperatures, D values are significantly different (P < 0.05, data not shown). This result may suggest that the continuous application of an electric field may have a delayed effect on this enzyme at lower temperatures, but the long-term effects of the exposure to a continuous electric field are out of the scope of this work. Considering that milk thermal processing effectiveness in determined by this enzyme, the results indicate that even if milk is ohmically pasteurized, this enzyme may continue to be used as a time-temperature indicator (TTI) by the dairy industry. In fact, if there was activity loss caused by the presence of the electric field, the risk of accepting under-processed milk was high, thus affecting food safety.
For ␤-GAL, as already reported for ALP and PEC, both conventional and ohmic inactivation mechanisms are similar (Table 6, Figure 6 ), and the results obtained do not show a clear additional effect of the electric field on the enzyme inactivation (P > 0.05, see Table 7 ).
The obtained results suggest that the use of ohmic heating in an industrial process application will clearly improve the final quality of products once the thermal treatment is less aggressive: uniform heating will minimize the overprocessed areas; the nutrients such as ascorbic acid will not be affected by the presence of the electric field (Castro and others 2004) , important enzymes (for example, PEC, ␤-GAL) will not have enhanced inactivation kinetics, and the enzymes supposed to be inactivated will be easily destroyed.
The presence of the electric field may remove the metallic prosthetic groups present of the enzymes LOX and PPO (Table 7) , thus causing the enhancement of activity loss. However, this hypothesis needs to be verified, which is out of the scope of the present work. Enzyme inactivation by ohmic heating . . .
Conclusions
T he effect of the electrical field on enzymes has to be assessed before ohmic heating technology is fully implanted for the continuous processing of foods. The obtained data, using target enzymes from different sectors of the food industry, show that the use of ohmic heating as an alternative to conventional heating is beneficial in terms of enzyme inactivation when that is the main purpose (cases of LOX and PPO) because the electric field reduces the D values for those enzymes when compared with conventional heating. The activity of PEC, ALP, and ␤-GAL does not seem to be more affected by ohmic heating than by conventional heating. This result is quite encouraging because PEC and ␤-GAL are process enzymes that should not be inactivated. On the other hand, the use of ohmic heating technology implies that process effectiveness criteria (TTIs such as enzymes and target microorganisms) must be validated. The kinetic parameters obtained show that ALP may continue to be used as a TTI, in the dairy industry, without further adaptations. On the contrary, for PPO and LOX the traditionally used inactivation kinetics will have to be replaced by the ones obtained in the present work, if ohmic heating technology is to be applied. The effect of ohmic heating on enzymes structure needs to be further assessed. 
